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This paper describes a project dealing with achieving an optimum mix of water from diﬀerent underground wells,
each having diﬀerent amounts of nitrates and chlorides. The amounts of chlorides and nitrates in each of the wells
may be higher or lower than the World Health Organization (WHO) standards. Therefore, the optimum mix would
be the one that meets WHO standard which is 250 mg/l for chlorides and 50 mg/l for nitrates. A goal programming
model was developed to identify the combination of wells along with the amounts of water from each well that upon
mixing would result in minimizing the deviation of the amounts of chlorides and nitrates from the standards set by
WHO. The output of the goal programming model along with the coordinates of the wells identiﬁed above was then
used for a second model that determines the locations of the mixing points ‘‘reservoirs’’ in such a way that minimizes
the total weighted distances from the corresponding wells. Finally, an easy-to-use pumping schedule was developed
using integer programming. Results indicate that for the case study, there exist several optima which make it easier
for the decision maker to consider other intangible factors if there are any.
 2005 Elsevier B.V. All rights reserved.
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Gaza Strip is a narrow strip along the Mediter-
ranean sea as shown in Fig. 1. It is around 40 km
long while its width varies from 6.4 to 9.6 km. Its0377-2217/$ - see front matter  2005 Elsevier B.V. All rights reserv
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E-mail address: aghasr@yahoo.comarea is around 365 km2 and has a population
around 1.1 million. In general, Gaza Strip is
known to have serious water problems ranging
from quality problems to expected shortage of
water supplies not only for agricultural and indus-
trial usage but also for drinking. It is to be noted
here that groundwater is the only signiﬁcant
source for water to meet the demand in Gaza
Strip. The common two problems with drinkinged.
Fig. 1. Location of Gaza Strip.
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high amounts of both nitrates and chlorides. These
two problems are mainly attributed to waste
water, agricultural fertilizers, pesticides and indus-
trial pollutants. These pollutants may directly pen-
etrate to the groundwater reservoir through pores
in rocks or indirectly by decomposition which in-
creases the salts in the wells and thus deteriorates
water quality.
In some wells, the level of nitrates in drinking
water may exceed 300 mg/l which is 6 times
that allowed by (World Health Organization)
WHO, while the level of chlorides may exceed
the WHO standards by 4–5 times. According to
the literature, nitrates level in excess of 150 mg/l
poses an extreme risk to infants health in the formof blue baby syndrome (methaemoglobinaemia)
[8].
Moreover, high nitrates may have carcinogenic
eﬀects for adults [1]. While the presence of chlo-
rides may not be as harmful as that of nitrates,
the salinity it causes, makes the water unaccept-
able for drinking. Therefore, low level of chlorides
is critical for customer satisfaction. In general,
when people in Gaza talk about ‘‘bad water’’, they
mean high salinity water. Since the levels of ni-
trates and chlorides are high in some wells and
low in others, the objective of this research is to
achieve an optimum water mixing strategy in such
a way that the amount of chlorides and nitrates are
consistent with those approved by WHO. In other
words, mixing certain proportions of water from
S.R. Agha / European Journal of Operational Research 174 (2006) 1991–1998 1993certain wells with the result that the obtained mix-
ture satisﬁes the WHO standards for both chlo-
rides and nitrates, wells capacity, and customers
demand at the least cost. Using water mixing
would outperform desalination which is known
to reject up to 60% of the input water amount as
brine water and this would result in serious
environmental problems as cited by [2]. Another
draw back of desalination is the high costs
involved.
Most of the research performed in this area is of
a qualitative nature or at best descriptive and still
tends to be more of a data-gathering type of re-
search. This research is an attempt to quantify
and model the data that is scattered in the litera-
ture to come up with tangible, economically feasi-
ble and easily applicable solutions to some of the
problems related to drinking water quality in Gaza
city. Some studies have focused only on chlorides
alone without considering the nitrates. Reports
of harmful eﬀects for human health have been re-
ported only for nitrates. Therefore, reducing ni-
trates level below the speciﬁcations of WHO may
yield ‘‘healthy’’ water. On the other hand, high
chlorides level may render the water undrinkable
due to its salinity. In other words, focusing on
chlorides only would not solve the problem since
people would rather drink non-salty water than
water with high level of nitrates which is proved
to be dangerous in terms of health. This research
considers both nitrates and chlorides using goal
programming, which provides a way of striving to-
ward more than one objective function simulta-
neously. It seeks to establish a speciﬁc numeric
goal for each of the objectives, and then seeks
for a solution that minimizes the weighted sum
of deviations of objective functions from their cor-
responding goals [4]. The goal programming ap-
proach is used to seek the amounts of waters
from diﬀerent wells to be mixed in such a way that
the deviations from the objective functions are
minimized. The use of goal programming or multi-
objective programming is very common when
dealing with environmental issues where there are
normally more than one objective. The following
section shows the formulation of the problem as
a goal programming problem.2. Goal programming formulation
Assuming that we have ‘‘n’’ wells, the amount
of chlorides in the ith well is ‘‘CLi’’ mg/l and the
amount of nitrates is ‘‘Ni’’ mg/l. Moreover, the
ith well can discharge the amount of Si (m
3/year)
at a given operational level. Since the levels of ni-
trates and chlorides are high in some wells and low
in others, it is known that mixing certain propor-
tions from certain wells will achieve the required
objective. It is also assumed that there are ‘‘m’’ res-
ervoirs (destinations) each of which can accommo-
date a certain amount of water that satisﬁes the
demand of the speciﬁc region. Let Dj represent
the demand required for reservoir ‘‘j’’. Moreover,
Xij is the amount of water (m
3/year) discharged
from well ‘‘i’’ to reservoir ‘‘j’’. The maximum al-
lowed amount of chlorides per liter (WHO stan-
dard) is CLmax, while the maximum allowed
amount of nitrates according to WHO standards
is Nmax.
Therefore, the constraints can be grouped as
follows:
• Well capacity constraints
Xj¼m
j¼1
X ij 6 Si ði ¼ 1; . . . ; nÞ. ð1Þ
• Reservoirs capacity and demand constraints
Xi¼n
i¼1
X ij P Dj ðj ¼ 1; . . . ;mÞ. ð2Þ
• Chlorides balance constraints
Xi¼n
i¼1
X ijCLi 
Xi¼n
i¼1
X ijCLmax  Y þjCL þ Y jCL 6 0
ðj ¼ 1; . . . ;mÞ. ð3Þ
• Nitrates balance constraints
Xi¼n
i¼1
X ijNi 
Xi¼n
i¼1
X ijNmax  Y þjN þ Y jN
6 0 ðj ¼ 1; . . . ;mÞ. ð4Þ
All variables are >= 0,
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WHO standard in reservoir ‘‘j’’; Y jCL is the amount
by which chlorides in reservoir ‘‘j’’ is below the
WHO standard; Y þjN is the excess of nitrates from
the WHO standard in reservoir ‘‘j’’; Y jN is the
amount by which nitrates in reservoir ‘‘j’’ is below
the WHO standard.
Finally the objective function can be written as
follows:
Min z1 ¼
Xj¼m
j¼1
Y þjN þ
Xj¼m
j¼1
Y þjCL.
The set of constraints in Eq. (1) guarantees that
the total amount of the discharged water from cer-
tain wells does not exceed the capacity these wells.
While the constraints in Eq. (2) require that the
amount of water supplied to a given reservoir from
given wells does not exceed the capacity of that
reservoir. Eqs. (3) and (4) respectively represent
the chlorides and nitrates balance before and after
mixing.
The assumption in the (chlorides/nitrates) bal-
ance constraints is that there are no reactions due
to water mixing which may decrease the amounts
of both elements under study. Therefore, this
assumption, though approximate, guarantees that
the levels of nitrates and chlorides can always be
equal to or less than the amount required by
WHO. Moreover, it is assumed that the system
experiences no loss of nitrates as shown by
preliminary experiments. In other words, the
results will always be on the conservative side.
Solution of the above model results in obtaining
combination of wells and the amounts of water
from each well. Due to the fact that the existing
reservoirs are pretty old, it was suggested that
new reservoirs be built. Thus, it was decided to
take the extra mile to ﬁnd the location of
these reservoirs as will be discussed in the next
section.3. Reservoirs locations
The location of the reservoirs is found using the
center of gravity method according to the follow-
ing equation using rectilinear distance, which is areasonable assumption given the topography of
Gaza city.
Minf ðxÞ ¼
Xn
j¼1
Xn
k¼1
vjkdðX j;XkÞ
þ
Xn
j¼1
Xm
i¼1
wjidðX j; PkÞ;
where Xj = (xj,yj) location of new facility j,
j = 1, 2, . . . ,n; P = (ai,bi) location of existing facil-
ity i, i = 1, 2, . . . ,m; Vjk cost per unit distance tra-
vel between new facilities j and k;Wjk cost per unit
distance travel between j and i; d(Xj,Xk) distance
between j and k; d(Xj,Pk) distance between j and
i with rectilinear distance
dðX j;X kÞ ¼ jxj  xkj þ jyj  ykj;
dðX j; PkÞ ¼ jxj  aij þ jyj  bij.4. Operations scheduling
Scheduling of the wells pumping into the given
reservoirs was done based on the fact that wells
pumping into the same reservoir operate simulta-
neously in order to ensure the intended mixing (a
well-mixed water). Moreover, a constraint was
added due to the limitations that each well can
only pump into a single reservoir at a single time.
The formulation uses three equally sized reser-
voirs and assumes that pumping can take place
in two time periods during the 24 hours. In other
words, pumping can occur in time period 1 or 2.5. Application
Gaza city municipal wells were chosen for the
application. Gaza city has some 20 municipal wells
that supply the population with the drinking water.
Fig. 2 shows the map of the wells distribution.
Table 1 shows these wells, the discharge capacity
for each well, and chemical analysis of the amounts
of nitrates and chlorides in each. The consumption
of drinking water throughout the area is estimated
to be 4.2 · 106 m3/year [6]. What makes the model
easily applicable in Gaza city is the fact that most
houses have two water mains one for drinking
Fig. 2. Wells distribution in Gaza city.
Table 1
Output and chemical analysis of wells under study [7]
No. Well name Q (m3/hour) Chlorides (mg/l) Nitrates (mg/l)
1 Sheikh Radwan 1 180 273 135
2 Sheikh Radwan 1A 180 245 140
3 Sheikh Radwan 3 150 1015 135
4 Sheikh Radwan 4 180 1085 90
5 Sheikh Radwan 7 180 553 175
6 Sheikh Radwan 7A 180 485 115
7 Sheikh Radwan 8 150 133 80
8 Sheikh Radwan 9 190 133 90
9 Sheikh Radwan 10 190 90 60
10 Sheikh Radwan 11 190 110 80
11 Sheikh Radwan 12 180 110 45
12 Sheikh Radwan 13 180 460 200
13 Sheikh Radwan 15 180 110 45
14 Sheikh Radwan 16 180 110 45
15 Sheikh Ejleen 1 150 810 110
16 Sheikh Ejleen 2 120 440 80
17 Saﬀa well 1 200 600 225
18 Saﬀa well 2 150 400 125
19 Saﬀa well 3 100 740 215
20 Saﬀa well 4 180 590 110
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is supplied to houses using a certain schedule foreach area or community. It is to be noted here that
the size of each reservoir is large enough that it will
1996 S.R. Agha / European Journal of Operational Research 174 (2006) 1991–1998meet the demand with no need to take demand ﬂuc-
tuations into account. In other words, the reser-
voirs act like a buﬀer against the ﬂuctuations in
demand.Table 4
Relative coordinates of location of wells and reservoirs
Well no. X Y6. Results and discussion
The following sections include the obtained re-
sults and a discussion of the implications of these
results.
6.1. Amounts and quality of mixed water in
reservoirs
The solution to this problem was generated
using LINDO version 6 [5]. Diﬀerent operating
hours for the wells were used. Twenty hours per
day and 18 hour/day were found to achieve ‘‘zero’’
deviations from the WHO standard (50 mg/l ni-
trates and 250 mg/l chlorides [8]). While 12 hour/
day operation was found to give 240 mg/l of ni-
trates in reservoir 1 which means an excess of
190 mg/l from the WHO standard, while water
in reservoirs 2 and 3 exactly meet the WHO spec-
iﬁcations. As for the chlorides levels in reservoirs 2
and 3, they were found to be 105 mg/l and 103 mg/
l respectively. Both of these values are below theTable 3
Optimum combination of wells and quantities of water supplied to re
Well no. Reservoir 1 Rese
2 23,546
4 155
9 317,543
11 1,058,911
13 61
14 1,182
Total = 1.4 · 106 Tota
Table 2
Resulting amounts of nitrates and chlorides in reservoirs in
mg/l
Reservoir 1 Reservoir 2 Reservoir 3
Nitrates 50 50 50
Chlorides 142 218 218WHO speciﬁcation for chlorides. It is noted that
diﬀerent operating hours aﬀect the obtained qual-
ity. This can be attributed to the fact that diﬀerent
operating hours would result in diﬀerent combina-
tions of wells since wells have diﬀerent concentra-
tions of chlorides and nitrates and limited
capacities.
Therefore, and based on practical consider-
ations, the 18 hour/day was used as the solution
recommended, however, as will be shown later,
only one well will operate for 18 hour. Then, look-
ing at the well distribution it was found that some
of the furthest wells could be eliminated while still
achieving the ‘‘zero’’ deviation.
As for the recommended solution, the excess of
nitrates from the WHO speciﬁcations in each of
the three reservoirs is ‘‘zero’’. In other words, the
nitrates level exactly meets the WHO speciﬁca-
tions. While the level of chlorides in reservoir 1
is 108 mg/l below the WHO standard and 32 mg/
l below the standard in reservoir 2 and 3. Table
2 shows the obtained quality of the mixed water
in each of the reservoirs. It is clear from the tableservoirs in m3/year
rvoir 2 Reservoir 3
,556 155,556
123,689
,845 1,120,756
,600
l = 1.4 · 106 Total = 1.4 · 106
2 143,213 3941
4 143,943 4070
9 145,089 3443
11 146,046 3443
13 146,329 3482
14 146,644 3548
Reservoir 1 146,046 3443
Reservoir 2 146,644 3548
Reservoir 3 146,329 3482
Table 5
A feasible operation schedule in hour/day
Well Period 1 Period 2
Reservoir 1 Reservoir 2 Reservoir 3 Reservoir 1 Reservoir 2 Reservoir 3
2 0.36
4 2.87 2.87
9 4.58
11 16.12 1.88
13 0.95 17.05
14 18
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reservoirs. The obtained quality in each of the res-
ervoirs is expressed in terms of the maximum chlo-
rides or nitrates concentration rather than the
distribution. Expressing the quality in terms of
the maximum shows that the obtained quality
meets the standards. Therefore, any value lower
than that would automatically satisfy the
standards.
Table 3 shows the allocation of wells to the
given reservoirs along with the amounts of water
to be pumped to each of these reservoirs. The data
obtained was used to locate the three reservoirs
that would meet the required drinking water to
the population in that area. A forecasting model
was developed to predict both the amounts of
chlorides and nitrates in each of the wells after
being used for a certain number of years. The re-
sults indicate that the obtained combination may
work for 3 more years by simply adding another
well of the unused [3].
6.2. Location of the reservoirs
In order to minimize the transportation cost, the
location of the three reservoirs was calculated
based on the supplying wells, their coordinates
and the amount of water each well supplies to a
given reservoir using the center of gravity method.
Table 4 shows the relative locations of each of the
wells and the reservoirs based on the Euclidean dis-
tance. As can be seen from the table, it turns out
that reservoir 1 should be located as close as possi-
ble to well 11. While reservoir 2 has to be placed as
close as possible to well 14. Finally, reservoir 3 has
to be located as close to well 13 as possible.6.3. Operations scheduling
Once the optimum combination of wells and
reservoirs was obtained, some operational con-
straints have been added using integer program-
ming so that wells assigned to a given reservoir
operate simultaneously in order to avoid the prob-
lem of not having a well-mixed water. Moreover, a
constraint was added such that a well does not
supply more than one reservoir at the same time.
Table 5 shows the pumping schedule of each of
the given wells to each of the reservoirs. It is no-
ticed from the table that pumping into reservoirs
1 and 2 takes place during time period 1. For res-
ervoir 1, well 2 operates for 0.36 hour, well 9 oper-
ates for 4.58 hours while the remaining amount
comes from well 11 which should run for around
16 hours.7. Conclusions
A goal programming model was developed for
the management of water quality and quantity
for Gaza city in Gaza Strip. The model had three
objectives: (1) minimize the deviation of chlorides
and nitrates from the WHO standard by mixing
water from diﬀerent wells while satisfying cus-
tomer needs and well capacities, (2) ﬁnd the opti-
mal location of a number of reservoirs for the
mixing phase and (3) an operational schedule
was designed so that it can be easily used by the
operator. The solution shows that it is feasible to
supply the customers with water that is both
acceptable for drinking (due to presence of
chlorides) and simultaneously reduces the risks
1998 S.R. Agha / European Journal of Operational Research 174 (2006) 1991–1998associated with the high levels of nitrates. The
model can be extended to include more than two
operation periods. It can also be applied to other
areas in the Gaza Strip and take into account
other pollutants like ﬂuoride and boron for exam-
ple. Finally, wells with levels of nitrates and chlo-
rides that are highly intolerable can be used for
drinking purposes upon mixing. This technique of-
fers a cheaper and more environment-friendly
solution to the water quality problem in Gaza
Strip than desalination.
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